This review of kinaesthesia, the senses of limb position and limb movement, has been prompted by recent new observations on the role of motor commands in position sense. They make it necessary to reassess the present-day views of the underlying neural mechanisms. Peripheral receptors which contribute to kinaesthesia are muscle spindles and skin stretch receptors. Joint receptors do not appear to play a major role at most joints. The evidence supports the existence of two separate senses, the sense of limb position and the sense of limb movement. Receptors such as muscle spindle primary endings are able to contribute to both senses. While limb position and movement can be signalled by both skin and muscle receptors, new evidence has shown that if limb muscles are contracting, an additional cue is provided by centrally generated motor command signals. Observations using neuroimaging techniques indicate the involvement of both the cerebellum and parietal cortex in a multi-sensory comparison, involving operation of a forward model between the feedback during a movement and its expected profile, based on past experience. Involvement of motor command signals in kinaesthesia has implications for interpretations of certain clinical conditions.
The term 'kinaesthesia' was coined by Bastian (1888) and refers to the ability to sense the position and movement of our limbs and trunk. It is a mysterious sense since, by comparison with our other senses such as vision and hearing, we are largely unaware of it in our daily activities. In the absence of vision we know where our limbs are but there is no clearly defined sensation that we can identify. In this review we are reporting a number of recent developments in the field that promise to redefine it. They concern the role of motor commands in limb position sense. The debate about a 'sensation of innervations' has raged since the 19th century and the new findings discussed here finally lay any doubts to rest. The subject of kinaesthesia is steeped in history and readers interested in the historical background should consult Goodwin et al. (1972) , McCloskey (1978) and Donaldson (2000) . For more recent reviews see Gandevia (1996) and Proske (2005 Proske ( , 2006 .
The receptors
The intuitively obvious place to look for receptors subserving the sense of joint position and movement is in the joints themselves and that is what was believed for much of the 20th century (e.g. Mountcastle & Powell, 1959; Skoglund, 1973) . The ground-breaking observations of Goodwin et al. (1972) demonstrated the importance for kinaesthesia of receptors located in the muscles rather than in joints, in particular, the role played by muscle spindles. Today it is accepted that muscle spindles make a major contribution. In addition, receptors from skin and signals of central origin associated with the sense of effort or will and derived from the motor command, have become recognised as playing important roles.
The principal muscle receptor in kinaesthesia is the muscle spindle. It includes both the primary and secondary endings of spindles. Primary endings respond to the size of a muscle length change and its speed (Matthews, 1972) . They are therefore believed to contribute both to the sense of limb position and movement (see below). Secondary endings do not have a pronounced velocity sensitivity and signal only the length change itself, so contribute only to the sense of position. For more detailed discussions see Matthews (1972) .
At the time of the experiments of Goodwin et al. (1972) it was already known that muscle spindles in animals, specifically the primary endings, were exquisitely sensitive to muscle vibration (Brown et al. 1967) . It was shown subsequently that this applied also to human spindles (e.g. Burke et al. 1976; Roll et al. 1989) . Goodwin and colleagues J Physiol 587.17 showed that vibration of elbow muscles produced illusions of both forearm movement and displacement during the period of vibration. Importantly, when the vibrator was moved from the muscle belly to the elbow joint, the illusion disappeared.
Evidence from a rather different source, supporting the view of a significant contribution from muscle spindles to kinaesthesia comes from the dependence of passive tension in muscle, both extrafusal and intrafusal, on the previous history of contraction and length changes, muscle thixotropy (Proske et al. 1993) . In resting muscle, long-lasting stable cross-bridges develop between actin and myosin (Hill, 1968; Proske & Morgan, 1999) . This gives passive muscle fibres a degree of stiffness and they fall slack if subsequently shortened. For muscle spindles it means that background discharge rates change, depending on what has happened to the muscle beforehand. If slack is present, discharge rates are low, if slack has been removed by a contraction, they can be increased severalfold (Gregory et al. 1988) . Changes in muscle history, called conditioning, can lead to errors in limb position sense (Gregory et al. 1988; Winter et al. 2005 ; see Fig. 1 ). Goodwin et al. (1972) found that the kinaesthetic illusion from vibration was predominantly one of movement, although there was a perceived change in limb position during and at the end of vibration. Muscle conditioning, on the other hand, produces changes in perceived position only, as a result of altered background firing rates in muscle spindles. It has recently been shown in a two-arm position-matching task that conditioning one arm by contracting its elbow flexors while the arm is held flexed and conditioning the other by contracting its elbow extensors with the arm held extended, led to a 20 deg error in position matching (Allen et al. 2007; White & Proske, 2009 ). On interrogation the blindfolded subjects insisted that their arms were accurately aligned. Such a result emphasises the powerful influence exerted by muscle history effects on position sense. Only muscle spindles would be expected to show such behaviour, dramatically altering their signalling properties as a result of a muscle contraction.
Studies using other techniques such as skin and joint anaesthesia and the effective disengagement of muscles from joints also point to the importance of the role of muscle receptors in the detection of passive movements. For a review, see Gandevia (1996) .
Concerning the possible contribution to kinaesthesia from other receptor types, the summary view is that while a good case has been made for some cutaneous receptors, the evidence is less convincing for joint receptors. The cutaneous receptor most likely to subserve a kinaesthetic role is the skin stretch receptor, the slowly adapting Type II receptor served by Ruffini endings (Chambers et al. 1972; Edin, 1992) . For kinaesthesia at the forearm, stretch of skin over the elbow during elbow flexion can provide information about both position and movement. Movement illusions generated by stretch of skin of the hand and over more proximal joints, when combined with muscle vibration were greater than when either stimulus was applied on its own (Collins et al. 2005) . The authors made the point that this was not just a matter of skin input facilitating the muscle input and that cutaneous input generated by skin stretch contributed to kinaesthesia in Figure 1 . The technique of muscle conditioning The two diagrams at the top show a human forearm with one flexor and one extensor muscle drawn in, the flexor being colour-coded. On the left, the arm is held flexed (dashed lines) and the flexors are contracted (conditioning flexed). Once the arm has relaxed it is moved to an intermediate angle (test) . This leaves biceps and its spindles in a 'taut' state (red). When the arm is held extended (dashed lines) and elbow extensors are contracted (conditioning extended), moving the arm to the intermediate angle (test) leads to development of 'slack' in biceps and its spindles (blue). The lower diagram shows an instantaneous frequency display of the responses of a muscle spindle in the cat soleus muscle following conditioning of the muscle leaving the spindle taut (red) or slack (blue). Muscle conditioning leads to substantial changes in spindle discharge rates and that, in turn, leads to errors in forearm position sense. Redrawn, in part, from Wood et al. (1996) . its own right. More recent observations have shown that skin input can also have an occluding action. Signals from local, rapidly adapting receptors evoked by low-amplitude, high frequency vibration can impede movement detection (Weerakkody et al. 2007 ).
An example of a situation where skin receptors play an indispensable role in kinaesthesia is in skin adjacent to the finger joints. The muscles that move the fingers lie in the forearm and hand and their tendons cross more than one joint. In this situation the muscle afferent information is potentially ambiguous. The proximity of skin receptors adjacent to each joint allows them to provide joint-specific information (Collins et al. 2005) . Furthermore, it has recently been pointed out that whenever a muscle spans more than one joint this can compromise its spindles' ability to detect movements (Sturnieks et al. 2007) .
While joint receptors were first thought to be all-important in kinaesthesia, the present-day view is that their contribution at most joints is likely to be minor. Typically they respond to joint movement, but often with response peaks at both limits of the range of joint motion (Burgess & Clark, 1969) . They are now thought of as limit detectors. However, there are examples in the literature of responses across the full range of joint movement (Burke et al. 1988 ) and here joint receptors may play a role under circumstances in which input from muscle and skin is not available (Ferrell et al. 1987) .
Two senses
An important question is whether the senses of position and movement should be considered part of the same single sense or as two separate entities. It will be agued here that the two are separate, although they obviously have some elements in common.
The belief that the two comprise part of a single sense is due partly to historical reasons (Bastian, 1888) and because they share common receptors of origin. As already stated, primary endings of spindles provide information about both position and movement. Consistent with this is the observation that if movements are made progressively more slowly, what started out as a movement sensation eventually blends into a sense of changed position (Clark et al. 1985; Taylor & McCloskey, 1990) . Similarly, muscle conditioning produces an alteration of spindle background firing rates and this is accompanied by changes in limb position sense (Gregory et al. 1988) .
In a study of the effects of muscle vibration, McCloskey (1973) observed that when the frequency of vibration was reduced from 100 Hz to 20 Hz, the sensation of movement and changed position gradually blended into one of position only. Presumably at the lower frequency the input included a component from spindle secondary endings which would be insensitive to the higher frequencies. McCloskey argued that the two senses were generated by separate lines of input and that position sense was not derived from an integration of the velocity signal (see also Sittig et al. 1985) .
Another piece of evidence comes from the effects of fatigue on kinaesthesia (Allen & Proske, 2006) . Position matching at the elbow joint was measured by placing one forearm at a given angle and asking blindfolded subjects to match its position with the other arm (Fig. 4) . Movement sense was measured by asking subjects to track with their other arm movements at different speeds imposed on one arm. After exercise that reduced maximal elbow flexor force by 30%, significant errors had developed in position sense, but not in movement sense.
Observations on neurones of the primary motor cortex of awake monkeys indicate the presence of some neurones that code for load only during postural tasks, others that code for load only during movements and a third group that respond during both conditions (Kurtzer et al. 2005) . It was concluded that distinct mechanisms underlie cortical processing of position-related activity. Graziano et al. (2002) described different postures adopted by monkeys during repetitive microstimulation at specific sites in primary motor cortex. The data suggested that positional information was a parameter of importance for the brain and its derivation was probably distinct from that for movement information. Finally, in a different experiment, blindfolded human subjects were required to move their arm between two targets for 70 repetitions. It was found that during the repeated movements hand position drifted without comparable drift in the distance or direction moved (Brown et al. 2003) . This was interpreted as implying the existence of separate position and movement controllers. To conclude, while some receptors are able to contribute input to both the sense of position and the sense of movement, the balance of evidence suggests that the central processing of the information is done separately.
The sense of limb position
The neural basis of limb position sense is the ability of receptors like muscle spindles to maintain static levels of discharge which increase in proportion to the increase in muscle length. This has been shown for cat spindles (e.g. Bessou & Laporte, 1962; Proske et al. 1993 ) and human spindles (e.g. Roll & Vedel, 1982) . Similar behaviour can be demonstrated for slowly adapting cutaneous receptors contributing to position sense (e.g. Edin, 1992) .
As already mentioned, measurements of position sense in a relaxed limb depend on how the muscles of the limb were conditioned beforehand An effective way to condition the muscle is by contracting it isometrically with a 20% of maximum voluntary contraction (Gregory et al. 1998) . The contraction will remove any slack in intrafusal J Physiol 587.17 fibres and raise spindle resting activity. Another method of conditioning is to use repeated, large-amplitude 'stirring' movements (Lakie & Robson, 1988) . This leaves spindles in a less well-defined state. The stirring leads to development of slack in intrafusal and extrafusal muscle fibres. So if the influence on position sense of an isometric contraction is sought, any outcome may include a component due to the spindles signalling the take-up of slack (e.g. Winter et al. 2005) .
If it is accepted that spindles play a major role in position sense, then an important problem relates to their position-signalling capacity during muscle contractions. Whenever we generate a voluntary contraction, both skeletomotor and fusimotor neurones are coactivated (Vallbo, 1971 (Vallbo, , 1974 . When a limb is supporting a load, for example its own weight against gravity, the spindle signal from the agonist muscle will have changed as a result of coactivation. An important question for kinaesthesia is, how does the brain interpret the additional spindle activity generated through the fusimotor system? McCloskey et al. (1983) suggested that any fusimotor-evoked spindle signals are subtracted centrally. In jargon terms, the 'reafferent' signal would be subtracted, leaving only the 'exafferent' component to signal position.
Whatever process the brain uses to overcome this difficulty, it is effective (Fig. 2) . When blindfolded subjects matched the positions of their forearms, they were able to do so quite accurately, even when one arm was required to support a load of 25% of maximum (Allen et al. 2007) . So despite the presence of significant motor activity in the muscles of one arm, position-matching ability remained unaffected. In the search for an explanation, rather than postulating a simple subtraction process, it has been suggested that a central copy of the motor command is used to access memories of similar movements to compute the expected feedback. This is compared with the actual feedback (Matthews, 1988) . Similar mechanisms using a forward model have been treated more formally (Wolpert et al. 1995; Kawato, 1999; Cullen, 2004) . In the situation where one arm is supporting a load, a contribution to the matching process may be provided by the unloaded matching arm. The signal from the loaded arm, where the exafference is submerged in a volume of reafference, may contribute less to the subject's decision of having achieved a satisfactory match. It is known that in a matching task signals from both arms are compared and their difference is used in placement of the indicator arm (Allen et al. 2007; White & Proske, 2009) . Such a comparison would, of course, not be available when the task involved measurement of position sense in only one limb (Gandevia et al. 2006 and Fig. 4 ).
The sense of effort
It has been known for some time that the sense of effort can contribute to force and heaviness sensations (e.g. Carson et al. 2002; Weerakkody et al. 2003) . More recently it has been proposed that the sense of effort may also contribute to kinaesthesia. This is against a background of observations which did not support such a claim (Goodwin et al. 1972; McCloskey & Torda, 1975) . It was believed that signals of motor command could calibrate sensory input coming from the periphery but did not generate sensations in their own right. For a review see Gandevia (1987) . In these new experiments (Gandevia et al. 2006 ) conduction in both afferent and motor fibres to the hand was blocked with a pressure cuff applied to the upper arm. When subjects tried to move their paralysed, anaesthetised hand they perceived a distinct displacement of the hand by up to 20 deg (Fig. 3) . This put beyond doubt the availability of an effort-related signal under conditions where no peripheral signals were available. It led to the question, were such signals still detectable when the full Matching errors in the direction of extension are shown as positive. Dotted line, zero error. For this experiment both arms had been flexion conditioned before each matching trial. The four conditions for the reference arm were: supported by the experimenter, supported by the subject, supported by the subject with a 10% maximum voluntary contraction load added, and supported by the subject with a 25% load added. Despite one arm bearing an increasingly heavy load, matching accuracy remains unaffected. From Allen et al. (2007) . complement of afferent feedback was present? In a subsequent experiment (Smith et al. 2009 ), subjects' hand muscles were paralysed with a neuromuscular blocker, but not anaesthetised. The paralysis was considered deep enough to block both extrafusal and intrafusal motor junctions. Here the hypothesis was that effort signals might only contribute to kinaesthesia in the absence of any reafference. During paralysis attempted movements with a 30% of maximum effort led to perceived hand displacements of 8-9 deg. Therefore, with afferents intact, the displacement illusion generated by isometric efforts was smaller than with a total nerve block but it was still present. The observation supported the view that central command signals contributed to kinaesthesia, even when afferent feedback was available.
An important additional observation made by Smith et al. (2009) was that in the normal hand isometric flexion or extension contractions led to perceived displacements of the hand by 6-7 deg. It implied that during normal, active movements effort signals were always available to contribute to position sense. Such a conclusion is hard to reconcile with the observations on arm-matching accuracy when one arm is loaded (Figs 2 and 4) . However, as mentioned earlier, in an arm-matching task the unloaded arm may be providing a position cue. Such a cue is not available when position sense is measured in only one limb. In the one-hand experiments it might be interesting in the future to try to manipulate the sense of effort by fatiguing hand muscles. This might be expected to increase the effort required to generate a given level of force and therefore increase the accompanying position errors. It is known that the effect of motor commands on position sense increases with effort (Gandevia et al. 2006; Smith et al. 2009 ). In any case, the evidence for a contribution to kinaesthesia from a centrally generated effort signal is compelling. Exactly how the mix of peripheral and central signals is combined during normal movements remains to be determined.
Central projection
Clinical medicine has provided some information about the site of origin and central projection of kinaesthetic information. Thus most kinaesthetic afferents must reside in muscle or skin since joint replacement surgery does not lead to any deficit in kinaesthesia (Grigg et al. 1973) . It is commonly believed that all kinaesthetic afferents travel to the brain via the dorsal (posterior) columns. That may be so for cutaneous afferents contributing to kinaesthesia and for muscle afferents of the upper limbs. However, muscle afferents from the lower limbs ascend via Clarke's column and the dorsal spinocerebellar tract. In further support of a role for muscle receptors in kinaesthesia, dorsal column section is not accompanied by any serious kinaesthetic defects from the affected areas (Wall & Noordenbos, 1977) . In the brainstem, muscle afferents in the dorsal spinocerebellar tract branch, one branch going to the cerebellum, the other continuing on to the cerebral cortex via Nucleus Z and the thalamus (Landgren & Sifvenius, 1971) . It is tempting to suggest that the input destined for the cerebellum is used for computations of predictive information (Wolpert et al. 1998) , while that continuing on directly to the cerebral cortex is responsible for generating proprioceptive sensations.
In discussing recent new data on the central projection areas for kinaesthetic information, it is necessary to Before the nerve block, subjects are able to accurately indicate the position of the unseen hand. Isometric efforts produce only small errors. After the block, subjects are no longer able to indicate the position of the hand and efforts to move the hand produce large illusions of hand displacement. From Gandevia et al. (2006) . J Physiol 587.17 include consideration of visual input. The three sources of input for limb position and movement representation are tactile, visual and proprioceptive.
Neuroimaging techniques have been used to try to identify where in the brain kinaesthetic information is processed (e.g. Naito et al. 1999; Hagura et al. 2009 ). Subjects were made to experience an illusion of flexion of their hand evoked by tendon vibration. To test the effect of visual input on the central representation of the kinaesthetic signal, videotaped images of hand flexion or The experimenter places one arm at a set angle and the blindfolded subject matches its position with their other arm. The arms are supported by a pair of paddles which are hinged at a point aligned with the elbow joint and potentiometers at the hinge give the elbow angle. A weight can be attached under the paddle to load the arm. (Redrawn from Allen & Proske, 2006 , with kind permission of Springer Science + Business Media.) Lower panel, apparatus used to measure position of the hand at the wrist. The fingers are held in full extension by a pair of plates which can be rotated through a range of angles. At each angle the subject indicates the perceived position of their hand by moving the pointer with their other hand. A nerve block can be effected by inflation of a cuff on the upper arm to produce ischaemic paralysis and anaesthesia of the hand. A similar cuff is used to restrict the distribution of a paralysing drug injected into the lower arm. From Smith et al. 2009. extension movements were shown to subjects at the same time. Activity was detected in the left lateral cerebellum during vibration of both the left and the right hand, but only under conditions of concordance between the visual and kinaesthetic signals, that is, when subjects both saw and felt the hand flexing. The velocity of visual flexion movements graded the magnitude of the movement illusion (see also Lackner & Taulieb, 1984) . The data suggested that the brain continuously matches visual and kinaesthetic inputs during movements to link what is seen with what is felt. It was proposed that the left cerebellum acted as a processor of sensory information, combining ascending input coming up the spinocerebellar pathway and descending visual signals from the right parietal cortex. The cerebellum's role was seen in terms of a forward model, predicting the sensory consequences of action (Wolpert et al. 1998 ) and continuously updating the visual and kinaesthetic inputs to predict the immediately forthcoming state of the hand.
The new evidence for a centrally generated sense of effort (Gandevia et al. 2006; Smith et al. 2009 ) contributing to kinaesthesia means that the sensory consequences of a motor command are likely to have wider significance than previously thought. It has been reported by Shergill et al. (2003) that self-generated forces were perceived as weaker than externally generated forces, suggesting that central mechanisms allow us to distinguish between our own actions and those imposed on us from outside. It reminds us that to be able to move about freely in the environment and to carry out actions with the necessary levels of accuracy requires us to know what parts belong to our own body, the sense of ownership, and where those parts are located. We have a body map, or schema, of our body parts (e.g. Maravita et al. 2003) .
The subject of body ownership is an interesting one and it has recently been reviewed (Jeannerod, 2009 ). It is proposed that self recognition comprises two separate processes. One is called 'action identification' , a process carried out largely unconsciously, involving feedback of kinaesthetic information and the operation of a forward model. Action identification is distinct from the sense of 'agency' , the conscious awareness of the authorship of an action. It is the sense of agency which is disturbed in schizophrenia. Here the process of action identification appears unimpaired, but when asked to make judgements of agency the schizophrenics perform less well than normal subjects (Jeannerod, 2009 ).
Concluding comments
The subject of kinaesthesia attracts wide interest because it is comprehensible to the non-specialist and because it lends to introspection, as we try to understand ourselves better. An important recent development is the demonstration of a sense of effort during voluntary contractions (Gandevia et al. 2006; Smith et al. 2009 ). It has meant that current views about the neural basis of kinaesthesia have had to be revised. Here we have been helped by ideas from the subject of robotics, with the proposals for operation of internal forward models. A better understanding of the sites in the brain of processing of kinaesthetic information has been achieved using neuroimaging techniques. The picture is emerging of a central integration of sensory information from several sources, including vision, touch and kinaesthesia and the important role played by the cerebellum. A broader view of the subject is emerging and this has led to some unexpected developments. We should keep an open mind about where it might take us next.
